Abstract Optical emission spectroscopy is used to investigate the nitrogen-hydrogen with trace rare gas (4% Ar) plasma generated by 50 Hz pulsed DC discharges. The filling pressure varies from 1 mbar to 5 mbar and the current density ranges from 1 mA·cm −2 to 4 mA·cm −2 . The hydrogen concentration in the mixture plasma varies from 0% to 80%, with the objective of identifying the optimum pressure, current density and hydrogen concentration for active species ([N] and [N2]) generation. It is observed that in an N2-H2 gas mixture, the concentration of N atom density decreases with filling pressure and increases with current density, with other parameters of the discharge kept unchanged. The maximum concentrations of active species were found for 40% H2 in the mixture at 3 mbar pressure and current density of 4 mA·cm −2 .
Introduction
Glow discharges have been used extensively in industry for materials' surface modifications [1] . Among others, active screen cage plasma nitriding (ASPN) of metals is one of the interesting surface modification methods [2] . However, the generation of active species using 50 Hz pulsed DC plasma with active screen cage has scarcely been studied [3] . The most important precursors in plasma nitriding are the nitrogen active species (N, N 2 , N + * 2 , and N * 2 ), therefore, the study of their production and loss mechanisms are of fundamental importance [4] . Numbers of experiments have been performed on the effect of hydrogen mixing in nitrogen plasma. Sharma [5] and Kim [6] performed spectroscopic studies of the N 2 -H 2 mixture pulsed DC plasma and investigated the emission intensities of nitrogen active species with varying H 2 percentage. They concluded that the nitrogen active species increases as the H 2 percentage in the gas mixture increases to 20%. Martínez et al. [7] studied the electrical and optical characterization of N 2 -H 2 pulsed plasma with N 2 varying from 0% to 100%. They found that the nitrogen active species increases rapidly as the H 2 percentage in the gas mixture is increased to 20%. Similary Hirohata et al. [8] studied the effect of hydrogen mixing in electron cyclotron resonance (ECR) nitrogen plasma on the densities of reactive species and they found that the densities of reactive species become maximum when the ratio of hydrogen pressure to nitrogen pressure is 0.5. Petitjeani and Ricard [9] performed an emission spectroscopic study of the N 2 -H 2 glow discharge for metal surface nitriding, and found the maximum intensity of the nitrogen active species when the H 2 in the gas mixture is greater than 10%. In contrast to these observations, Kumar et al. [10] studied the effect of hydrogen on the growth of the nitrided layer in rf plasma and observed that the addition of hydrogen does not increase the concentration of active species. Khan et al. [11] have investigated 13.56 MHz rf plasma for the generation of nitrogen active species and concluded that a mixture containing 70% Ar is suitable for the maximum production of nitrogen active species.
However, there are no systematic studies to monitor active species generation in active screen cage (ASC) pulsed DC discharge plasma.
In the present work the active screen cage glow discharge is analyzed by trace rare gas optical emission spectroscopy (TRG-OES). We have studied the pulsed DC plasma for different pressures (1-5 mbar), current density (1-4 mA·cm −2 ) and N 2 -H 2 discharge gas mixture with H 2 percentage varying from 0% to 80%. This paper is organized as follows, in section 2 the experimental set-up is presented, spectroscopic investigations and analysis are presented in section 3, in section 4 results and discussions of the work are given and the conclusion of the observation is drawn in section 5.
Experimental setup
The schematic experimental setup to study the emission spectroscopy of pulsed DC nitrogen plasma is shown in Fig. 1 . It is a stainless steel cylindrical vacuum chamber of 62 cm in height and diameter. Two circular electrodes with parallel plate configuration are housed inside the chamber. The power is applied to the top electrode through inductive load for current limiting. The bottom grounded electrode serves as a cathode on which a cylindrical mesh type stainless steel cage is placed. The diameter of cathode and anode are 18 cm and 16 cm, respectively, while that of the cage is 16 cm, and the separation between the cathodic screen cage and the anode is 6 cm. The side and back of the electrodes are covered with a ceramic casing to prevent additional discharges. Prior to feeding the gases, the chamber is evacuated to 10 −2 mbar using a rotary vane pump. The flow of gasses is monitored with mass flow meters, whereas pressure in the chamber is recorded by using a capsule-type pressure gauge [12] . The experiment is carried out using nitrogen and hydrogen as working gasses with argon serving as a trace gas. The discharge is sustained with a 50 Hz pulsed DC source. Details of experimental parameters along with variation in working gas concentration are listed in Table 1 . Plasma induced optical emission spectroscopy is studied using a computer controlled system consisting of a McPherson-2061 monochromator having grating with 1200 grooves/mm and spectral resolution of 0.01 nm coupled with a side window photomultiplier tube (PMTR928) and auto ranging Picoammeter (Keithley-485). The width of the entrance slit, focal length (f ) and aperture of the monochromator are 5 µm, 1 m and f /7, respectively [12] . 
Spectral observations and analysis
Trace rare gas optical emission spectroscopy (TRG-OES) is a useful technique for determination of the concentration of active species in the plasma [13] . Characteristic emission spectra are recorded in the wavelength range of 330-430 nm in H 2 -N 2 mixture with Ar as an actinometer for filling pressure ranging from 1.0 mbar to 5.0 mbar and current density ranging from 1 mA·cm −2 to 4 mA·cm −2 . The prominent spectral lines and bands in the spectrum are identified and labeled, as shown in Fig. 2 [14] . The detailed dominant reactions considered in the analysis are given in Table 2 .
The TRG-OES method is based on a simplified scheme for excitation and de-excitation processes that leads to the following relation [13] .
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where [R] and [A] are the concentration of reactive and actinometer species, respectively, I R and I A are the emission intensities of the excited reactive and actinometer species, respectively. In Eq.
(1) the factor K can be considered as constant provided that, a. direct electron impact excitations are dominant, b. excitation cross-sections have the same shape and similar threshold and c. quenching processes are negligible. Argon is used as an actinometer because the threshold excitation energy (13.5 eV) of Ar emission line (λ = 419.8 nm) matches closely with the threshold excitation 1 nm) . Therefore, the same group of electrons are assumed to contribute to the excitation of these levels, and their excitation efficiencies will have a similar dependence on the discharge parameters [15] . Since the transition threshold excitation energies of both the species are very close, then Eq. (1) can be re-written as
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Here I N , I N2 and I Ar are the integrated emission intensities of the respective profiles, measured from the spectrum after calibrating the optical chain and The number of electrons in the discharge having energy greater than the threshold excitation energies of Ar, N and N 2 are responsible for their emission; therefore, their excitation efficiency depends on these electrons. The electrons capable of exciting the N 2 , N and Ar levels vary with discharge parameters in a similar way [16] . Thus, the emission intensity ratios where the discharge parameters and hydrogen concentrations are changed. Therefore, the optical emission actinometry corrects the variations in the excitation efficiency of the discharge after normalizing the emission from the reactive species with the emission from the rare actinometric gas of known concentration [17] . Since the flow rate of the trace gas (argon) is kept unchanged during the optical measurements and its fraction in the discharge is known (∼4%), its particle density (using the ideal gas law) can be estimated as,
where P Ar is the partial pressure of argon, R is ideal gas constant for argon gas (208 J·kg −1 ·K −1 ) and T is gas temperature (∼400 K). The partial pressure of argon is given by
where P T is the total pressure in the chamber. 
Results and discussions
The experiment was performed using a 50 Hz pulsed DC power supply with current density ranging from 1 mA·cm 
Variations of emission intensity
with current density and pressure Fig. 3(a) shows an increase in the emission intensity of Ar, N, N + 2 and N 2 with increasing current density at 3 mbar pressure. It is observed that as the current density increases, the energy of electrons increases to cause more excitations. These emission intensities are determined by considering the electron impact excitation reactions (1-3), as given in Table 2 . Fig. 3(b) depicts a decrease in the emission intensities of Ar, N, N + 2 and N 2 with the increase in pressure. This behavior of the discharge can be explained on the grounds that as the pressure increases, the number of particles increases, the kinetic energy during its motion decreases and the electrons become gradually unable to excite or ionize the target species. Therefore the emission intensities of the emitted lines decrease with increasing filling pressure for constant current density.
Density variation with input cur-
rent density and pressure Fig. 4(a) shows the variation of N and N 2 densities with current density at 3 mbar. The increase in nitrogen atomic density with current density can be attributed to the fact that the energy of the electrons increases with increasing current density, causing sufficient dissociation of N 2 molecules. It was observed Table 2 ) [18] . Therefore reaction 4 is more favorable for N-atom production than dissociative recombination (reaction 5) for pure nitrogen. The decrease in the N 2 density with increasing current density can be attributed to the dissociation by energetic electrons. Fig. 4(b) shows the variation in N and N 2 densities with filling pressure at 4 mA·cm −2 current density. The increase in the N 2 density with the increase in filling pressure is well understood and is in accord with expectation. Initially the nitrogen atom density increases with increasing filling pressure due to the increase in the number of nitrogen molecules and the availability of high energy electrons, which can in turn dissociate a large number of nitrogen molecules. However, at fixed current density, the energetic electrons start depletion due to continuous energy loss via collisions. That is why the N-atom density is expected to be saturated. In this experiment, the corresponding saturation is observed at 3 mbar. [19] . On the other hand, the decrease in intensity above 40% H 2 may be attributed to the decrease in N 2 particle density. Fig. 5(b) shows the variation of nitrogen atomic and molecular densities with hydrogen concentration at constant current density of 4 mA·cm −2 and pressure of 3 mbar. The decrease in the N 2 density with increasing H 2 concentration is accordant with the expectations. The increasing trend in the nitrogen atom density can be attributed to the increase in secondary electron emission from the cathode, which in turn increases the collision probability, leading to increase in dissociation rate. The maximum yield of nitrogen active species is observed up to 40% hydrogen in the mixture under the given experimental conditions.
Emission intensity and density variation with hydrogen concentration

Conclusion
In the present work trace rare gas optical emission spectroscopy (TRG-OES) is employed to optimize 50 Hz pulsed DC active screen cage plasma reactor for material processing. The characteristics of the discharge were investigated for the generation of nitrogen active species in N 2 -H 2 plasma. The experimental observation suggests that the addition of hydrogen plays a vital role in enhancing the generation of active species. The possibility of increase in the secondary electron emission increases the collision probability, which in turn increases the dissociation rate of nitrogen. It is found that the generation of active species is strongly dependent on gas composition and discharge parameters as well. It is concluded that adding 40% hydrogen in nitrogen plasma is suitable for the maximum generation of active species using 50 Hz pulsed DC active screen plasma source under the given experimental condition.
